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Effects of Corrosion on Steel Reinforcement
David Ostrofsky
ABSTRACT
Corroded steel in concrete is a structural issue that plaques concrete structures in
coastal regions. Traditionally corroded steel strength is calculated from a distributed area
loss due to corrosion over the entire surface of the steel and reducing the capacity
accordingly. In reality, corrosion attacks localized regions creating pits and reducing the
cross section in a small region which amplifies the effects of corrosion.
Stress concentrations at the corrosion pitting damage may further reduce the
tensile capacity of the steel. A study of corrosion damage and strength associated with
pitting damage can assist in understanding the ultimate tensile capacity of corroded steel
strands, better correlations are needed to estimate actual strength of damaged steel. 
The focus of this thesis is on seven-wire prestress steel strands with various stages
of induced corrosion. Each strand has been documented, profiled, and measured in order
to correlate physical damage with ultimate capacity. 
1Chapter 1 Introduction
1.1 Overview
In this thesis we will explore the effects of corrosion damage and the structural
capacity of seven wire prestress strands that have been affected by corrosion. Corrosion is
an electrochemical reaction, which requires a potential difference to create an
electrochemical cell. In coastal regions corrosion damage causes severe damage due to
the presents of excess chlorides, Figure 1.1 shows extensive damage to a bridge pile.
Figure 1.1 Severe Corrosion Damage
2 Corrosion causes billions of dollars a year in damage, and is a threat to the structural
integrity of a structure. Structures in direct contact with salt water, experience an
accelerated rate of corrosion due to the abundance of chlorides, carbons, and oxygen.
Concrete structures are reinforced with steel to provide additional strength, this steel
corrodes and expands causing cracks in the concrete, which further accelerates the
corrosion until eventually the concrete spalls off or the structure fails. Reinforced
concrete is designed to fail in tension allowing failure modes to be gradual and visible,
but corrosion damage failure can be sudden and dangerous. Steel is used to provide
tensile strength and is critical to a structures capacity. When corrosion occurs it effects
the tensile strength of the steel it attacks and a measure of the remaining capacity of
corroded steel is needed to better analyze existing structures. In coastal regions bridge
piles are in direct contact with salt water and are affected adversely. Tidal cycles and
waves cause a region of bridge piles to be exposed to saltwater but not completely
submerged, this area is known as the splash zone, Figure 1.2 shows typical splash zone
damage.
3Figure 1.2 Typical “Splash Zone” Corrosion Damage
The splash zone is typically the area affected most by corrosion, visible damage
includes cracks, rust stains, and even spalling of concrete. Inspection of corrosion damage
shows concentrated effects, where steel damage is localized and not evenly distributed.
Corrosion damage can form into pits and eventually reduces the steel cross section
entirely. When steel loss is concentrated the effects on capacity is drastic, if corrosion
damage is not addressed structural failure is possible.       
Assessing the structural capacity of damaged structures allows engineers to address
safety concerns and design repairs to rehabilitate existing structures. When determining
the effects of corrosion mathematically, Arrhenius equation can predict metal loss but the
calculations assume corrosion occurs simultaneously on the entire surface at the same
4rate, observations show  concentrated damage due to the variations in local exposure
conditions. The focus of the experimentation is to analyze localized corrosion damage
and the effects it has on the ultimate capacity of reinforced concrete structures.
1.2 Scope of Project
The purpose of this thesis is to determine the strength of corroded steel and to
correlate the results with measured damage to better predict the capacity of steel in
existing structures. Specifically we will perform tension test on seven wire prestress
strands that have been corroded in a simulated environment. The simulated environment
exposed reinforced concrete to tidal conditions creating a “splash zone” which is typically
the most damaged area. After the strands are corroded they are removed from the concrete
piles, profiled, and tested for their tensile capacity. When analyzing existing corrosion,
traditional methods use an idealized model that assumes conditions that do not exist. Due
to faulty equations and the inability to extensively examine the damage, a statistical
method of analysis based on observable data is needed. The aim is to better calculate the
capacity of damaged steel using experimental data conveyed in a usable probability based
format.
1.3 Organization of the Report
The report is organized into seven chapters, The first chapter gives a brief overview,
the scope of the project, and a summary of the organization. Chapter 2 provides a
background into corrosion, causes of corrosion, and industry examples. Chapter 3
discusses the specimens history by explaining the simulated scenario and the specimens
origin. Chapter 4 explains the imaging process which documents the samples to be tested.
5Chapter 5 discusses the theory behind the profiling of the corroded strands, the test
procedure, and a summary of the results and trends. Chapter 6 discusses the tension
testing, the test procedure, summary of the tension test data and a summary of the
observed trends. Chapter 7 gives the experimental conclusions, an overall summary of the
data, and practical applications of the results of the testing.      
6Chapter 2 Corrosion Background
2.1 Corrosion in Structures
Corrosion of steel in concrete structures can damage the structural integrity and cause
failures. Marine environments and the use of de-icing salts in colder climates causes
chloride induced corrosion. Carbonation corrosion is another mechanism that can further
degrade the steel causing accelerated damage. There are multiple modes of corrosion and
types of corrosion damage, Chloride induced corrosion and the associated pitting damage
will be the focus of the research.
2.1.1 Cost to Industry  
There is a significant cost associated with corrosion damage and the repairs and
monitoring required to ensure integrity and safety. Cost can be the deciding factor in a
structural design, but  considering the expected life span of a structure and the cost of
rehabilitating corrosion damage, initial cost to prevent corrosion should be included.
Tools for repairing and analyzing corrosion damage are also needed to reduce cost of
repair. A structural engineer must be confident in the repairs necessary to rehabilitate a
structure. When deciding to replace or repair damaged structural components, the
confidence in the integrity of the structure is most important. Providing tools for
interpreting the capacity of damaged structures and the possible viable repairs can save
the industry the cost associated with excess repairs and unneeded replacement, this can
7also give a standard for dealing with rehabilitation, See Table 2.1 for cost associated with
corrosion.
Table 2.1 Cost of Corrosion to Industry
Region / Industry Cost of Corrosion Reference
Aircraft Industry
(North America)
$13 billion per year
IAR Flyer, Spring 2000 Edition,
NRC Institute for Aerospace Research
(Canada). 
V.S. Agarwala: "Corrosion
Detection and Monitoring - A
Review", Paper No. 271, Corrosion
2000, NACE International, 2000.
Aircraft, Military
(United States of
America)
$ 3 billion per year
V.S. Agarwala: "Corrosion
Detection and Monitoring - A
Review", Paper No. 271, Corrosion
2000, NACE International, 2000.
Aircraft (lost
revenue when grounded
for corrosion
maintenance/repairs)
$100,000 per day
IAR Flyer, Spring 2000 Edition,
NRC Institute for Aerospace Research
(Canada).
Air Force and Navy -
Australia >$50 million per year
Web site of Defense Science and
Technology Organization (DSTO,
Australia)
Army - US $10 billion per year(estimate)
M. Youson: "Invisible Enemy",
Engineering, September 2003.
Army - US
$2 billion per year, related
to painting and paint removal
(estimate)
M. Youson: "Invisible Enemy",
Engineering, September 2003.
Automobiles (USA)
$23.4 billion per year cost
to American consumers due to:
increased manufacturing costs,
repairs and maintenance,
depreciation. (Costs of reduced
safety not included)
www.corrosioncost.com 
"Corrosion Costs and Preventive Strategies
in the United States", Report by CC Technologies
Laboratories, Inc. to Federal Highway
Administration (FHWA), Office of Infrastructure
Research and Development, Report FHWA-RD-
01-156, September 2001.
8Table 2.1 (Continued)
Region / Industry Cost of Corrosion Reference
Bridges (USA
Highway Bridges)
$30 billion (1999
dollars) to remediate
corrosion-induced
structural deficiencies
Materials Performance,
March 2002, p.31.
Coast Guard, United
States, Aircraft $20 million per year
Lee Ann Tegtmeier: "U.S.
Coast Guard Treads in Deep
Water", Overhaul &
Maintenance Magazine (May 1,
2002).
Eiffel Tower (Paris) 
1989 refurbishment costs of
200 million FF. About 50-60
tons of paint are applied every 7
years by some 25 painters, as
corrosion protection for the > 7
thousand ton steel structure.
Corrosion damage is a major
consideration in the maintenance
/ refurbishment requirements.
Articles by A. Roith, University
Bayreuth and M. Martin, IZA
published at www.uni-bayreuth.de and
www.iza.com
Gas Pipeline Industry
(North America)
$80 million per year
purchased in coatings to
coat new pipelines and
recoat existing pipelines
(1993 reference).
P. Cavassi and M. Cornago: "The
Cost of Corrosion in the Oil and Gas
Industry", JPCL, May 1999, pp30-40.
(Background Section on p.34, with
additional references.)
Helicopters - US Army
(1998 estimate)
$ 4 billion spent on
corrosion repairs (estimate)
MTTC News, Volume 8, Issue 9
(August 19, 2003), under article
"Corrosion costs eat up DOD budget".
Military - USA more than $ 20 billion peryear (as reported by GAO)
MTTC News, Volume 8, Issue 9
(August 19, 2003), under article
"Corrosion costs eat up DOD budget".
Navy - USA 
Around 25 % of total fleet
maintenance budget (estimate)
spent on corrosion prevention
and control
United States General
Accounting Office, Report No. GAO-
03-753, 2003.
9Table 2.1 (Continued)
Region / Industry Cost of Corrosion Reference
Power Generation
(USA)
$5 billion - $10 billion
annually for the U.S.
electric power industry
(EPRI estimate).  In steam-
electric generating plants,
corrosion costs exceeded
10% of total power cost.
Up to 50% of outages
attributable to corrosion. 
InTech Magazine Online
published at www.isa.org, October 1,
1998.
Roads, Sidewalks, Bridges
Toronto (Canada)
$110 million is to be spent
by this city on the repair of
roads, sidewalks and bridges in
2005 ... with a backlog of $235
million deferred due to budget
constraints.
K. McGran's article "On the road
to ruin?", Toronto Star, February 5,
2005, pB4-B5.
Statue of Liberty (USA) 
> $200 million restoration
project (1986), largely
necessitated due to corrosion
damage, with significant internal
galvanic corrosion damage.
Baboian, R. et al: "The Statue of
Liberty Restoration", NACE
International, Houston, 1990.
United States of
America
Approximately $300
billion per year, for
metallic corrosion (about
4% of GNP or >$1000 per
person). More than one
third of costs considered
avoidable using existing
know-how and technology.
Batelle news release, 1996.
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2.2 Causes of Corrosion
Many factors can contribute to a corrosive environment. Reinforced concrete is a
common structural element in which the composition of the concrete and the exposure of
the elements are major factors in the steels environment and susceptibility to corrosion.
The permeability of concrete is directly related to the time it takes for external factors to
penetrate the concrete cover and affect the steel. In coastal regions chlorides infiltrate the
concrete and cause corrosion damage that debilitates structures. Pitting corrosion is a
mode where a bulk of the surface remains undamaged and the corrosion is concentrated
causing a local loss of steel cross section. Pitting failures occur unexpectedly and are
usually hidden making a dangerous failure mode. Once the steel has begun to corrode it
expands and causes cracks in the concrete. This can cause the concrete to spall off leaving
the steel exposed, which leaves the steel vulnerable to continued  corrosion. Once the
steel is exposed the corrosion rate increases exponentially and risk of failure of the
damaged component drastically increases.      
2.2.1 Chemical Process
Corrosion is an electrochemical reaction, where a current of electrons flow between a
potential difference, causing a deterioration of the atomic structure of the steel. Metal
atoms lose electrons and become ions. Galvanic corrosion is a model based on dissimilar
metals that are connected electrically and exposed to an electrolyte. In reinforced concrete
the potential difference is present due to variations in environmental conditions, and the
concrete is the electrolyte medium. The steel reinforcement is a path for the
electrochemical reaction that occurs between the potential differences in the concrete. The
11
hydration reaction in concrete causes the pore solution to be an alkaline. In this condition
the steel tends to be in a passive state and corrosion is negligible, but due to the porous
nature of concrete, corrosive elements can be introduced to the environment and cause
corrosion. Chloride induced corrosion and carbonation are two mechanism of corrosion
that are a result of external factors, reinforced concrete structures in marine environments
are prone to both of these mechanisms of corrosion, for a diagram of the corrosion
process in reinforced concrete see Figure 2.1.
2.3 Quantifying Corrosion Damage
Assessment of the extent of corrosion damage can be a difficult process, embedded
probes can assist in monitoring but require an extensive network of probes for accurate
monitoring. Visual signs are present throughout the different stages of the corrosion
process, in reinforced concrete, cracks and rust stains are the initial signs of corrosion
damage and can indicate the severity of the corrosion, see Figure 2.2 for an example of
rust stains on concrete. Scientific models convey the electrochemical reaction that takes
place during the corrosion process but calculations assume an evenly distributed effect,
which is not the observed effect. The surface areas and conditions of the elements
involved in the corrosion reaction are required to predict local galvanic current flow,
empirical models are not able to predict local current flow for pitting damage in
reinforced concrete because the irregularities in the concrete make the conditions
unmeasurable. To better quantify the affect of corroded steel, an inspection based method
is needed where  site specific conditions and localized damaged can be considered and
visual evidence collected. There are some tools available to quantify damage using visual
12
inspections but there is a need for a more accurate method of assessing capacity for
damaged reinforced concrete. Typical corrosion damage is localized and empirical
calculations have difficulty predicting actual localized steel loss. A statistical method of
determining an approximate capacity of damaged components by calculating an average
amount of local critical steel loss, which considers the probability and severity of pitting
damage for the conditions present and accounts for the number of strands that are
damaged, with a given amount of visual evidence, can be a powerful tool in estimating
the capacity of damaged structures.  
2.3.1 Inspecting and Monitoring Corrosion Damage
Modern structures can be configured with probes and sensors that can indicate the
status of key elements. Inspections and scheduled monitoring for corrosion can extend the
service life of structures through maintenance and timely repairs. Risk based inspections
consider the likelihood of failure and the consequence of failure, this identifies the
severity of the problem and the urgency of the situation. 
Corrosion can be monitored by extensive system of embedded probes and can be
inhibited by a number of preventive systems. Due to the extensive cost involved with
corrosion damage, monitoring the status of structural elements is becoming a necessary
step in preventing critical damage. Monitoring allows for a timely repair which can
significantly reduce the cost of corrosion mitigation. Evaluating reinforced concrete
presents inherent issues, direct inspection of the steel is not possible unless spalling has
occurred, which limits the ability to conduct a complete inspection. Concrete does not act
as a homogeneous median for the corrosion process, this makes zones that may be prone
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to localized damage. Cracks are an indication of corrosion damage but can be difficult to
interpret with out the presence of rust or other signs of corrosion. An electro potential
difference can be measured with sophisticated equipment, showing zones where corrosion
will occur. Core samples can be extracted to measure carbonation penetration which
shows the permeability of concrete and the stage of carbonation. Chloride concentrations
due to environment or local exposure can indicate zones that are vulnerable to corrosion.
Preventing extensive corrosion damage by repairing the corrosion damage in a timely
manner can greatly reduce the cost of rehabilitation and extend the service life of a
structure. Scheduled inspections are critical for proper maintenance of structures when
safety and the service life of the structure are key objectives.  
2.3.2 Preventing Corrosion Damage
Preventing corrosion should be initiated in the design stage, the use of the proper
materials can extend service life considerably. There are many solutions for preventing
corrosion and each scenario can have a unique solution. The use of sacrificial anodes can
control the mode of corrosion and provide a solution for easier maintenance by providing
an easily changeable element, Figure 2.3 shows a typical sacrificial anode. In some cases
sacrificial anodes are embedded and designed to last the service life of the structure.
Probes can be installed to monitor the state of the internal structure, providing a tool that
can indicate zones that are experiencing a possible corrosion reaction. The ability to
monitor corrosion allows for early detection which can prevent extensive damage through
intervention in the early stages. Induced current can be used to control the
electrochemical reaction of corrosion. Induced current acts as a renewable anode which
14
prevents the corrosion reaction from occurring by providing a stream of electrons into the
structure. There are many forms of corrosion mitigation, using preventive methods to
control corrosion can be very expensive. Repairs are also costly and the cost rises
exponentially with the extent of corrosion. Ultimately preventing corrosion can be less
expensive then repairs over an extended life span, and is for necessary to ensure the
service life and safety of the structure. 
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Figure 2.1 Corrosion in Reinforced Concrete
16
Figure 2.2 Rust Stains From Corrosion Damage
17
Figure 2.3 Sacrificial Anode
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Chapter 3 Specimen History
3.1 Experimental Scenario
Corrosion of steel in concrete structures can damage the structural integrity and cause
failures. Marine environments and the use of de-icing salts in colder climates causes
chloride induced corrosion. Carbonation corrosion is another mechanism that can degrade
the steel. Ocean bridge piers experience extensive corrosion damage and repairs are
routine. Simulating the condition of piles exposed to ocean salt water can provide insight
into the corrosion that occurs and the damage done to the steel in the piles.   
3.2 Overview of Simulated Setup 
To simulate bridge piers in a marine environment, twenty-two individual five foot
long square piles were cast with four seven-wire prestress strands in each pile. The piles
were exposed to simulated tides to create a splash zone, which is typical for the
environment emulated. The water had a 3.5% salt content and the water level was
changed every six hours to simulate ocean exposure. After 1,160 days the piles were
removed from the tanks and the strands were removed and weighed to provide
gravimetric data. Each piled was cut with an electric saw then the concrete was chipped
away. Three feet of the strands were cut away from the target zoned cleaned and
measured.  
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3.3 Observed Corrosion 
The piles displayed cracks and rust stains in the splash zone, which is typical in the
corrosion mode simulated. At around 300 days, cracks appeared and corrosion stains
formed around the cracks. Some of piles were wrapped with FRP (fiber resin polymers)
to protect against corrosion providing a range of corrosion damage to analyze. Additional
information concerning the results of the FRP testing have also been documented [1]. 
3.4 Summary of Trends 
The strands were carefully removed from the piles and cleaned, each strand was
weighed and numbered for later processing. Crack location were monitored and recorded
to correlate crack damage with weight loss and capacity.
Figure 3.1 Strand and Side Nomenclature 
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Table 3.1 Sample of Crack Survey [1]
Name Max.Cracks A B C D
Outdoor
Controls
#38
Width
(mm)
No
0.4 0.75 0.4
Length
(in.) 3 26 20
#44
Width
(mm) 0.75 0.75 0.3 0.25
Length
(in.) 20.5 20.5 6.5 17
#45
Width
(mm)
No
0.4 0.3 0.5
Length
(in.) 9 17 18
#46
Width
(mm) 0.2 0.2 0.3 0.2
Length
(in.) 6.5 11.5 16.5 10
Indoor
Controls
#39
Width
(mm)
No No
0.5 0.2
Length
(in.) 35 11
#49
Width
(mm)
No
0.4
No
0.4
Length
(in.) 18.5 14
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Figure 3.2 Crack Pattern: L) 39, R) 49 [1]
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Figure 3.3 Crack Pattern: A) 38, B) 44, C) 45, D) 46 [1]
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Table 3.2 Gravimetric Test Results of Controls [1]
Specimen
Strand /
Tie
(Fig. 6. 38)
Break in
Strand Wire Original Weight (g) Lost Weight (g)
Percent
Loss
#38
Outdoor
AB 0 168.8 7.4 4.4
BC 3 168.8 17.5 10.4
CD 0 168.8 10 5.9
DA 0 168.8 7.9 4.7
tie 1 332.3 38.9 11.7
#44
Outdoor
AB 0 168.8 8.3 4.9
BC 0 168.8 16.4 9.7
CD 0 168.8 11.4 6.8
DA 3 168.8 15.4 9.1
tie 2 332.3 32.7 9.8
#45
Outdoor
AB 0 168.8 6.2 3.7
BC 2 168.8 8.9 5.3
CD 4+1 168.8 19.8 11.7
DA 0 168.8 8.1 4.8
tie 1 332.3 32.2 9.7
#46
Outdoor
AB 0 168.8 9.8 5.8
BC 0 168.8 8.2 4.9
CD 0 168.8 14.5 8.6
DA 0 168.8 7.3 4.3
tie 2 332.3 30.1 9.1
#39
Indoor
AB 0 168.8 7.1 4.2
BC 0 168.8 8.3 4.9
CD 6 168.8 21.2 12.6
DA 0 168.8 7.2 4.3
tie 2 332.3 33.1 10.0
#49
Indoor
AB 0 168.8 8.8 5.2
BC 1 168.8 14.3 8.5
CD 0 168.8 8.6 5.1
DA 1 168.8 13.2 7.8
tie 1 332.3 26.2 7.9
Note: Where the central wire in a 7-wire strand was broken, it is reported in the form
a+1 where a signifies the number of other wires broken. All such breaks 
occurred in the middle region of the specimen
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Table 3.3 Gravimetric Test Results of CFRP Wrapped Specimens [1]
No of Layers Specimen Strand / Tie(Fig. 6.38)
Break in
Strand Wire
Original
Weight (g)
Lost Weight
(g)
Percent
Loss
1
#54
AB 0 168.8 6.1 3.6
BC 0 168.8 6.2 3.7
CD 0 168.8 5.6 3.3
DA 0 168.8 4.9 2.9
Tie 0 332.3 22.6 6.8
#58
AB 0 168.8 4.4 2.6
BC 0 168.8 7.4 4.4
CD 0 168.8 6.4 3.8
DA 0 168.8 6.2 3.7
Tie 0 332.3 24.4 7.3
2
#55
AB 1 168.8 5.6 3.3
BC 0 168.8 5.8 3.4
CD 0 168.8 4.8 2.8
DA 0 168.8 4.7 2.8
Tie 0 332.3 20.3 6.1
#42
AB 0 168.8 4.7 2.8
BC 0 168.8 5.5 3.3
CD 0 168.8 5.6 3.3
DA 0 168.8 5.4 3.2
tie 0 332.3 17.3 5.2
3
#56
AB 0 168.8 5.3 3.1
BC 0 168.8 5.1 3.0
CD 0 168.8 6.7 4.0
DA 0 168.8 5.5 3.3
tie 0 332.3 22.2 6.7
#59
AB 0 168.8 7.3 4.3
BC 0 168.8 5.5 3.3
CD 0 168.8 5.2 3.1
DA 0 168.8 5.8 3.4
tie 0 332.3 23.6 7.1
4
#57
AB 0 168.8 5.1 3.0
BC 0 168.8 5.4 3.2
CD 0 168.8 5.9 3.5
DA 0 168.8 6.7 4.0
tie 0 332.3 25.5 7.7
#43
AB 0 168.8 5.3 3.1
BC 0 168.8 5.2 3.1
CD 0 168.8 6 3.6
DA 0 168.8 5 3.0
tie 0 332.3 20.2 6.1
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Table 3.4 Gravimetric Test Results of GFRP Wrapped Specimens [1]
Layer Specimen Strand /TieFig. 6.38
Break in Strand
Wire
Original
Weight (g)
Lost
Weight (g)
Percent
Loss 
1
#48
AB 0 168.8 5.7 3.4
BC 0 168.8 6.5 3.9
CD 0 168.8 6 3.6
DA 0 168.8 5.4 3.2
Tie 0 332.3 21.3 6.4
#52
AB 0 168.8 6.5 3.9
BC 0 168.8 6.5 3.9
CD 0 168.8 5.5 3.3
DA 0 168.8 5.9 3.5
Tie 0 332.3 22.9 6.9
2
#47
AB 0 168.8 5.2 3.1
BC 0 168.8 6.1 3.6
CD 0 168.8 6.2 3.7
DA 0 168.8 5.2 3.1
Tie 0 332.3 20.1 6.0
#40
AB 0 168.8 5.1 3.0
BC 0 168.8 5.7 3.4
CD 0 168.8 6 3.6
DA 0 168.8 5.2 3.1
Tie 0 332.3 20.9 6.3
3
#50
AB 0 168.8 6.2 3.7
BC 0 168.8 6.3 3.7
CD 0 168.8 6.6 3.9
DA 0 168.8 5.9 3.5
Tie 0 332.3 21.2 6.4
#53
AB 0 168.8 6.2 3.7
BC 0 168.8 5.8 3.4
CD 0 168.8 4.9 2.9
DA 0 168.8 5.3 3.1
Tie 0 332.3 18.1 5.4
4
#51
AB 0 168.8 6 3.6
BC 0 168.8 6.3 3.7
CD 0 168.8 6.6 3.9
DA 0 168.8 5.9 3.5
Tie 0 332.3 21.2 6.4
#41
AB 0 168.8 4.9 2.9
BC 0 168.8 4.7 2.8
CD 0 168.8 6.3 3.7
DA 0 168.8 4.5 2.7
Tie 0 332.3 21.9 6.6
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Figure 3.4 Simulated Environment Set-Up [1]
Figure 3.5 Simulated Environment Network of Sensors [1]
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Figure 3.6 Tidal Schedule and Pumps [1]
Figure 3.7 Initial Rust Stains in Splash Zone [1]
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Figure 3.8 Removal of Piles From Simulated Environment [1]
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Figure 3.9 Corrosion Damage: 38c, 39cd, 44d, 46d [1]
30
Figure 3.10 Corrosion Damage: 53a, 58c, 42d, 48b [1]
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Figure 3.11 Removal of Concrete Cover [1]
Figure 3.12 Exposed Pile Core [1]
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Chapter 4 Imaging Process
4.1 Imaging
In order to document the physical damage, the steel strands were photographed
using a camera integrated into a microscope. The goal of imaging the steel is to document
the extent of corrosion and to correlate the failure mode with the type of corrosion and
extent of corrosion.  
4.1.1 Procedure
To photograph the damage in an organized way, the strands where imaged using
the following procedure. First, the strands are marked at the end that was identified as the
bottom. The mark is placed on a single exterior strand to indicate side one. The steel
surface was divided into three sides in order to image the entire surface of the specimens.
Once indicating the sides, a mid zone of interest was determined through visual
inspection and the mid zone was measured and marked with permanent marker. Pictures
are taken with the white dot to the left and starting with side one, then the white dot was
rotated 120 degrees clockwise to photograph side 2, and again for side 3, making a total
of three sides. Optimum locations were individually captured to ensure places of concern
were documented. Images were magnified for clarity and each picture captured a length
of approximately a half inch and the full width of the strands. Image Pro was used to
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capture the picture and the process was controlled through the software and operated
using a windows based computer. 
4.1.2 Documentation of Damage
In the process of imaging the strands, notes were also taken to provide additional
records that can help classify the strands to later compare with failure modes. The extent
of surface corrosion, pitting damage, and pitting frequency was also recorded. The
locations and the size of the pits will be useful data in correlating the failure modes with
the physical damage. In addition to physical descriptions, general notes were also
recorded.  
4.2 Imaging Observations 
The strands displayed various stages of corrosion and collectively exhibited the
initial stages of surface corrosion through extreme pits that could drastically reduce
tensile capacity to strands that had been completely deteriorated. Pitting damage was the
most common form of damage observed, some areas showed concentrated damage and
others showed a more distributed damage covering various lengths. Since pitting damage
is localized the steel capacity can be significantly reduced with a small percent of overall
steel loss. The extent of the pitting damage and the various modes of corrosion will vary
the expected tensile capacity and will be reflected in the tensile testing results. 
4.2.1 Condition of Steel
Distributed corrosion damage in reinforced concrete causes spalling of concrete
because of the expansion of the steel corrosion product, in the process of spalling the
concrete cracks and the area around the cracks may be stained showing the initial signs of
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damage. Initial corrosion begins as surface oxidation and is a passive form of corrosion
that occurs from exposure to oxygen. The next observed corrosion stage occurs when the
steel is in the concrete. the corrosion affects a general area and resembles scaling. Once
the scaling has initiated, local conditions are prone to pitting and depending on the local
environment the pits can vary in size. Extreme pitting will eventually deteriorate the cross
section and sever the steel strands.
4.2.2 Summary of Trends
The condition of the steel varied from negligible damage to the severing of
strands. Initial scaling covered various areas from localized to the majority of the
specimen. The observed data has been summarized into three categories to help quantify
the observable data. The surface corrosion indicates the percent of the surface that has
experienced corrosion damage. Pitting damage refers to the size of pits observed, pitting
frequency indicates how many of the pits are present. See Appendix A for sample images
of critical corrosion damage, documented to correlate with the tension testing results,
descriptive notes, and the observed pitting damage for each bar. Table 4.1 list the
parameters used to classify the strands, see Figures 4.1-4.8 for pictures of the imaging
process and samples of pitting damage. See Appendix A for strand classification and
images.   
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Table 4.1 Observed Damage Scale
 Surface Corrosion
Light to none
0-30%
Medium to light
30-60%
Heavy to medium
>60%
Pitting Damage
Small pits  
< 1/8"
Medium pits
1/4"-1/8"
Large pits
>1/4"
Pitting Frequency
Light to none  
0 to 5
Medium to light  
6 to 15
Heavy to medium
>15
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Figure 4.1 Microscope Integrated Into Camera 
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Figure 4.2 Specimen Lighting Configuration 
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Figure 4.3 Image Capture Area
39
Figure 4.4 Triangular Chuck Secured to Bar
40
Figure 4.5 Image Processing Station
41
Figure 4.6 Imaging Software Interface
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Figure 4.7 Image of Pitting Damage to Multiple Wires
43
Figure 4.8 Image of Pitting Damage Severing Wire
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Chapter 5 Strand Profiler
5.1 Theory
In order to profile the strands and estimate the cross sectional area along the
length of the bars, simple fluid mechanics was applied. Using Pascal’s Law, fluid
pressure is directly related to depth; 
The hydrostatic pressure: P = (*h                                  (Eq. 5.1)
P = hydrostatic pressure (psf)
( = fluid density (#/ft^3)
h = height of fluid above (ft)
An open system of a homogeneous fluid will have uniform surface height at
equilibrium. Using these basic concepts a method for measuring the strands cross section
can be developed. A system of valves connecting two glass tubes are used to create a
continuous conduit. Each glass tube has a piezometer at the base to measure the fluid
pressure. One tube is elevated and filled with fluid, the second tube of the same diameter
has a steel specimen placed in it. Once a valve is opened the fluid from the upper tube
begins to fill the lower tube to reach equilibrium. The pressure measurements are made at
a rate of ten times a second at each tube, the data is converted to change in fluid height
for each column. Since the glass tubes are the same diameter, the difference in height
change of fluid in the tubes is due to the volume of steel present in the lower tube. Using
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the basic principle of volumetric flow the change in fluid volume in the upper tube is
equal to the change in volume of the lower tube;
Volume Flow (from upper tube) = Volume Flow (into lower tube)      (Eq. 5.2)
 h1*A1 = h2*A1 - h2*As   
h1 = fluid height change at upper tube (in)
A1 = tube cross sectional area (in^2)
h2 = fluid height change at lower tube (in)
As = average steel cross sectional area (in^2)
Using the changes in heights and the known tube area, the steel area for the local
region can be calculated. The smaller the change in height the closer the average cross
section represents the actual cross section of steel.  
5.2 Profiler Setup  
The profiler was set up using two identical glass tubes that are each a half inch
inner diameter connected by a series of two valves and copper tubing. The first valve
from the upper tube controlled the flow rate and the second valve is used to start and end
the flow. The piezometers were installed inline at the base of each tube at the copper
tubing and connected to a Optim Mega Dac that processed the data taking measurements
ten times a second. Test Control Software was used to interface with the Mega Dac and
start the test. The glass tubes were clamped to a steel frame with measuring tape attached
to take calibrating measurements. Acetone was the fluid used for the liquid medium after
testing the possible fluids choices. Acetone has low viscosity and low surface tension
which makes it a fluid with desirable properties for the profiling process. 
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5.3 Procedure
The profiler is operated using fluid flow and electronic sensors. The first step is to
verify the system is sealed and does not leak. After confirming the system is closed, the
excess air that may be trapped is bleed out by cycling the system. Once the excess air is
removed the valve is closed and the upper tube is filled leaving the lower tube with fluid
just below the start of the steel. The steel strands are clamped and hung just above the
fluid level in the lower tube leaving the tube open for air flow so the fluid can flow freely
once the valve is opened. After the specimens are in place and the fluid is filled to the
proper heights, the pressure readings from the piezometers are balanced using the Mega
Dac interface to make a datum for data processing. The fluid height for each tube is
recorded, and then the electronic recordings are started and the valve is opened to start the
fluid flow. Pressures are measured and recorded ten times a second creating a log of data
to be stored and later processed. Once the fluid has profiled the bar, the valve is closed
and the final fluid heights are recorded. Using the electronic data and the recorded
measurements the cross sectional area of the steel is calculated along the length of the
bar.
5.4 Initial Testing of Process
To verify the testing process functioned properly, sample bars were tested and the
results examined for accuracy. A solid smooth surface aluminum bar with a varied cross
section was profiled and the results were  consistent with the measured data, see Figure
5.6 and Figure 5.7 for results of calibration test. Sample seven wire strands were also
tested and the results were consistent with the measured bars, but less accurate than for
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the clean aluminum bar, this may be due to the wicking effect of fluids or other external
factors, see Figure 5.3 for a sample profile of a damaged bar. Mineral spirits and acetone
were tested and the acetone was more consistent and more accurate than other fluids
considered. After assuring the test produced reliable data the test specimens were
profiled.  
5.5 Error
Electronic and experimental data can have various sources of error. The data
produced from the profiling process had an inherent amount of noise and needed to be
processed into usable data. The pressure readings showed visible noise that seemed to
fluctuated a consistent amount, see Figure 5.4. When the data was averaged over a few
data points the general trends were unveiled, see Figure 5.5. Using the overall change in
fluid height, the electronic data was calibrated to adjust for the specific fluid properties
and to reflect actual data. The steel frame that the profiler was clamped to has a natural
frequency and can cause vibrations that the piezometers are sensitive enough to detect
causing a cyclic error and could be the source of the consistent noise. The sensitivity of
the sensors also detected the minor bumps and movements of the sensors creating spikes
in the data, making it important not to disturb the system during testing. Strands that were
not completely straight and touched the glass or came close to the glass allowed the fluid
to climb the glass due to the fluids surface tension, this wicking action could also cause
fluctuations in the data. The error will be accounted for when the final results are
summarized and will be one of the sources of deviation in the probability based
interpretation of the results. 
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5.6 Data Processing
The data is captured ten times a second and stored for processing. The files
created are compatible with Excel and easily imported. Each specimens data was
individually processed and calibrated to reflect the actual measured loss of the specimen
so that the profiled cross sections would be accurate. Initial and final fluid positions are
entered along with the position of the bar into an Excel template to produce the graphs
and data needed. Spikes in data and other irregularities were removed from the steel loss
calculations but remain in the graphed data. The profiled graphs display three data sets,
the percent steel loss is graphed in yellow and is typically the lowest data set. The profiled
strand area is graphed in pink, and the corrected strand area is graphed blue, see
Appendix B for the profiled strands graphical results. 
5.7 Summary of Data 
Profiling the strands provides a method of represent the physical cross section of
the steel strands numerically. The profiling data for the strands exhibited the anticipated
cross sectional area with minor fluctuations that are calibrated to match the physical
specimen. Spikes in the data are still visible and are noticeable as external noise. Figure
5.1 illustrates the profiler setup. Table 5.1 has the summary of the numerical results,
measured weight loss and percent loss are the gravimetric results of the study. The
profiled weight loss was calculated using the data obtained from profiling each strand,
summing the area under the graphed curve of the strand data gives the volume of the
strand. The volumetric data can be used to calculate weight loss and verify the accuracy
of the profiling process. The maximum localized percent loss and the minimum bar area
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can be seen on the graphical representation of the data. The results are easier to interpret
using a graphical method which allows you to see the actual trends in the data. The
graphs show obvious spikes in data and other noise, leaving interpretations of the results
open to scrutiny. The estimated capacity is calculated using the minimum bar area
obtained from profiling the strand and the known ultimate stress of the steel. Figure 5.2-
5.7 shows profiles of controls and a sample profile of a strand. Figure 5.8-5.13 shows
images of the profiler setup. Appendix B contains the graphical results of the strand
profiling. See Chapter 7 for a summary of the results and for trends in the data.
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Figure 5.1 Profiler Test Setup
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Table 5.1 Profiled Strand Results
Measured
W eight loss
(g) % loss
Profiled
W eight loss
(g)
%
%error
Max
Localized
Loss %
Min Bar
Area (in2)
Estimated
Capacity
(K)
 43AB 8.33 3.01 8.42 1.12 8.6 0.055 14.7
 BC 7.75 2.81 7.41 4.35 11.8 0.053 14.2
 CD 9.03 3.27 9.18 1.70 16.75 0.050 13.4
 DA 7.07 2.57 7.21 2.01 15.7 0.050 13.6
 59AB 9.37 3.40 9.35 0.19 12.2 0.052 14.1
 BC 9.01 3.25 8.85 1.74 16.6 0.050 13.4
 CD 8.23 2.98 8.54 3.81 17.3 0.049 13.3
 DA 8.83 3.20 8.98 1.73 13.5 0.052 13.9
 42AB 7.25 2.63 7.43 2.52 10.4 0.053 14.4
 BC 8.05 2.92 8.34 3.64 8.8 0.054 14.7
 CD 8.63 3.12 8.33 3.44 11.1 0.053 14.3
 DA 7.95 2.88 7.89 0.72 14.6 0.051 13.8
 58AB 7.43 2.69 7.51 1.12 6.3 0.056 15.1
 BC 9.95 3.61 9.5 4.50 9.8 0.054 14.5
 CD 8.95 3.24 8.59 3.99 8.4 0.055 14.8
 DA 8.75 3.17 8.5 2.83 12.9 0.052 14.0
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Table 5.1 (Continued)
 
Measured
W eight loss
(g) % loss
Profiled
W eight loss
(g)
%
%error
Max
Localized
Loss %
Min Bar
Area (in2)
Estimated
Capacity
(K)
 57AB 8.13 2.94 8.21 1.02 9.6 0.054 14.6
 BC 8.43 3.05 8.72 3.48 13.5 0. 052 13.9
 CD 8.93 3.23 9.04 1.27 12.9 0.052 14.0
 DA 9.73 3.52 9.38 3.57 9.3 0.054 14.6
 56AB 7.85 2.85 7.67 2.26 10.9 0.053 14.4
 BC 8.13 2.94 8.02 1.32 18.5 0.049 13.1
 CD 9.25 3.35 9.39 1.54 9.75 0.054 14.5
 DA 8.53 3.09 8.86 3.91 15.5 0.050 13.6
 55AB 8.63 3.12 8.8 2.01 8.3 0.055 14.8
 BC 8.35 3.03 8.46 1.35 9.8 0.054 14.5
 CD 7.83 2.83 7.59 3.03 7.6 0.055 14.9
 DA 7.25 2.63 7.2 0.65 7.4 0.055 14 .9
 54AB 8.65 3.14 9.33 7.89 10.5 0.053 14.4
 BC 9.23 3.34 8.88 3.76 14.1 0.051 13.8
 CD 8.63 3.12 8.07 6.46 12.7 0.052 14.1
 DA 7.93 2.87 7.8 1.60 12.9 0.052 14.0
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Table 5.1 (Continued) 
Measured
W eight loss
(g) % loss
Profiled
W eight loss
(g)
%
%error
Max
Localized
Loss %
Min Bar
Area (in2)
Estimated
Capacity
(K)
 41AB 7.45 2.70 7.56 1.51 8.9 0.054 14.7
 BC 7.73 2.80 7.5 2.94 9.75 0.054 14.5
 CD 8.85 3.21 8.43 4.72 12.16 0.052 14.1
 DA 7.53 2.72 7.76 3.10 13.3 0.052 14.0
 53AB 8.75 3.17 8.42 3.74 16.6 0.050 13.4
 BC 18.4 6.65 18.3 0.15 13.8 0.051 13.9
 CD 7.93 2.87 7.7 2.86 9.5 0.054 14.6
 DA 8.33 3.01 8.88 6.64 15.5 0.050 13.6
 40AB 7.65 2.77 7.58 0.88 11 .1 0.053 14.3
 BC 8.25 2.99 8.26 0.15 6.5 0.056 15.1
 CD 8.55 3.10 8.14 4.77 10.8 0.053 14.4
 DA 7.65 2.77 7.84 2.52 10.4 0.053 14.4
 52AB 8.57 3.11 8.22 4.06 7.8 0.055 14.9
 BC 9.05 3.28 9.55 5.56 9.2 0.054 14.6
 CD 8.05 2.92 8.64 7.36 12.7 0.052 14.1
 DA 8.45 3.06 8.14 3.64 19.6 0.048 12.9
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Table 5.1 (Continued)
 
Measured
W eight loss
(g) % loss
Profiled
W eight loss
(g)
%
%error 
Max
Localized
Loss %
Min Bar
Area (in2)
Estimated
Capacity
(K)
 51AB 8.55 3.10 8.7 1.79 12.9 0.052 14.0
 BC 8.53 3.09 8.69 1.91 12.9 0.052 14.0
 CD 8.13 2.94 8.66 6.56 11.3 0.053 14.3
 DA 8.65 3.14 8.66 0.15 9.1 0.054 14.6
 50AB 8.75 3.17 8.07 7.74 11.4 0.053 14.3
 BC 8.85 3.21 9.49 7.26 12.5 0.052 14.1
 CD 9.15 3.32 9.46 3.42 13.6 0.052 13.9
 DA 8.45 3.06 8.87 5.00 13.3 0.052 14.0
 47AB 7.75 2.81 8.48 9.46 8.3 0.055 14.8
 BC 8.65 3.14 8.31 3.90 8.1 0.055 14.8
 CD 8.75 3.17 8.62 1.46 11.8 0.053 14.2
 DA 7.75 2.81 7.49 3.32 8.3 0.055 14.8
 48AB 8.25 2.99 8.39 1.73 10.2 0.054 14.5
 BC 9.05 3.28 9.68 6.99 25.9 0.044 11.9
 CD 8.55 3.10 8.68 1.55 7.8 0.055 14.9
 DA 7.95 2.88 7.5 5.63 7.9 0.055 14.8
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Table 5.1 (Continued)
 
Measured
W eight loss
(g) % loss
Profiled
W eight loss
(g) %error
Max
Localized
Loss %
Min Bar
Area
(in2)
Estimated
Capacity
(K)
 38AB 7.43 2.69 7.59 2.20 7.5 0.055 14.9
 CD 10.0 3.63 10.2 1.73 13.9 0.051 13.9
 DA 7.45 2.70 7.48 0.44 14.3 0.051 13.8
 44AB 7.85 2.85 7.88 0.42 11.4 0.053 14.3
 BC 16.4 5.95 15.3 6.74 45.7 0.032 8.7
 CD 11.4 4.14 11.5 1.25 18.3 0.049 13.2
 DA 15.4 5.58 15.5 0.99 27.5 0.043 11.7
 45AB 5.75 2.08 5.9 2.66 8.2 0.055 14.8
 BC 8.93 3.23 8.69 2.65 19.5 0.048 13.0
 CD 19.3 7.02 17.5 9.24 55.55 0.027 7.2
 DA 17.6 6.40 17.8 1.15 17.75 0.049 13.2
 46AB 9.35 3.39 9.9 5.91 9.2 0.054 14.6
 BC 8.23 2.98 7.94 3.49 7.8 0.055 14.9
 CD 14.5 5.26 13.4 7.48 28.5 0.043 11.5
 DA 7.33 2.65 7.26 0.91 7.8 0.055 14.9
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Table 5.1 (Continued)
 
Measured
W eight loss
(g) % loss
Profiled
W eight loss
(g) %error
Max
Localized
Loss %
Min Bar
Area
(in2)
Estimated
Capacity
(K)
 39AB 7.13 2.58 6.95 2.48 11.9 0.053 14.2
 BC 7.85 2.85 7.52 4.17 10.7 0.053 14.4
 CD 21.2 7.68 21.4 0.82 33 0.040 10.8
 DA 7.23 2.62 7.58 4.89 13.6 0.052 13.9
 49AB 8.35 3.03 8.08 3.20 12.1 0.052 14.2
 BC 13.8 5.02 13.8 0.24 21.7 0.047 12.6
 CD 8.63 3.12 8.78 1.77 10.2 0.054 14.5
 DA 13.2 4.79 12.8 2.77 20.2 0.048 12.9
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Figure 5.2 Profile of Empty Tube
Figure 5.3 Sample Profile of Strand
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Figure 5.4 Profile of Strand without Calibration
Figure 5.5 Profile of Strand with Calibration
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Figure 5.6 Profile of Aluminum Bar with Varied Cross Section
Figure 5.7 Profile Calibration 
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Figure 5.8 Strand Clamped at Lower Tube
Figure 5.9 Upper and Lower Tube
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Figure 5.10 Fluid in Upper Tube and Attached Measuring Tape
Figure 5.11 Piezometer, Clamp, and Copper Tubing
62
Figure 5.12 Piezometer and Flow Valves
Figure 5.13 Profile Test Station
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Chapter 6 Tension Test
6.1 Standards
Each specimen was tested for the tensile capacity using AASHTO and ASTM
standards and procedures The standard method of test used is from “Mechanical Testing
of Steel Products”, AASHTO designation T 244-92, ASTM designation A 370-92.
Specifically section A7 of the procedure “Method of Testing Uncoated Seven-Wire
Stress-Relieved Strand for Prestressed Concrete” was referenced for the test procedure
[2]. The strands are 36" which is greater than the 24" minimum stipulated. The load rate
is displacement controlled and set as 125:g/sec, using the 24" minimum, a strain rate of
0.18 in/min was used for the tension test. 
6.2 Procedure
The tension test is performed using the MTS 810 Material Test System in the
structures lab of the University of South Florida. First the ends of the strands were coated
with epoxy to prevent slip failure modes. Sikadur 32 Hi-Mod two part epoxy is applied
on the end two to three inches of each end of the steel strands. Prestress steel anchors are
used at each end to secure the steel during tensile testing. The anchors are placed in
blocking sleeves and the strand is inserted into the anchor wedge to secure the top end.
Next the test piston is positioned to insert the bottom end of the strand into the bottom
anchor. Once the steel is in position, the steel is loaded in tension to approximately ten
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percent of the expected capacity in accordance with the AASHTO procedures. The
expected capacity of the strands is approximately 16 kips and the test was started at about
1.5 kips. After the initial load is applied the test is run with a constant displacement rate
of 0.18 in/min until each strand fails, the epoxy fails, or the test reaches a max
displacement of 3.5 inches. After the test is completed, photos are taken to document the
failure mode of the strands. Finally the strands are removed and the anchors are cleaned
for the next specimen, cleaning the anchors reduces the possibility of slip failure in the
grips.       
6.3 Initial Testing of Process
Control strands were tested first to ensure the test procedure would produce the
desired results. The first strands tested without epoxy experienced various slip failed
modes, most common failure was slip at the first wire rupture. After the epoxy was used
the slip failure mode was corrected and the specimens failed in tension as desired.
Control strands were tested to give the ultimate capacity of the undamaged strands with
no corrosion. Additional control bars were altered to compare the results of the altered
strands with the experimental strands. Uniform area was removed taking the same area
from each external strand to reduce the overall cross section without cutting any strands.
Other control bars were tested with severed strands to test controls with one and two
severed strands. The controls tested will provide data that can be used  for comparison
with the test results to better interpret the capacity of corroded steel.
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6.4 Observations
The epoxy used to secure the ends supplied the resistance needed to prevent slip
failure. Test were ran until each of the seven strands were broken, due to the twist in the
seven wires when a strand would break the remaining strands would be straighten out
showing elongation of the specimens with relatively low loads until the specimen was
taunt and the expected stress strain would resume until the next strand would break, this
is also visible in the graphed data, see Appendix C for plots of tension test results. Epoxy
failure was limited and occurred during about  five percent of the test, in some cases the
epoxy broke at the expected capacity with the first wire rupture, See Table 6.2 for epoxy
failure results.     
6.5 Data Processing
The MTS 810 records various data for later analysis, specifically force,
displacement, and time were recorded and processed using Excel. The strands consist of
seven wires, after the first wire breaks the cross section is reduced. Due to the reduction
of cross section after wire breaks, force displacement curves were used instead of stress
curves to more accurately display the data, see Appendix C for graphical results of the
tensile testing.    
6.6 Summary of Data 
The seven-wire strands were stressed to ultimate capacity. Eighty-six strands were
tensile tested. Three strands failed all wires at once and each exceeded their expected
capacity, see Table 6.1. Epoxy failures are listed in Table 6.2, some strands were not
affected by the epoxy failure because the epoxy failed when the first wire ruptured, which
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is typically the ultimate capacity. Some strands reached ultimate after the first wire broke,
these strands collectively had a lower capacity then expected due to the loss of cross
section prior to ultimate capacity, see Table 6.3 for results. Typical failures are
summarized in Table 6.4. Strand 45cd had a greatly reduced cross section and is a
statistical outlier in the data set, it has been removed from some graphs and is noted when
excluded. Table 6.5-6.6 are tensile test results of controls strands tested for comparison.
Figure 6.1-6.4 shows force displacement curves for sample strand failures, and Figure
6.5-6.10 shows images of the tension test and testing equipment.   
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Table 6.1 Tension Test Results Instant Failure
 
Estimated
Tensile
Capacity
(k)
Ultimate
Tensile
Capacity
(k)
Profile Bar
Area
%Error
                                        
                                                     
                                                     
     Instant Failure
 43
DA
 
13.58 15.66 13.29
1st break only
 42
AB 14.43 16.09 10.32
1st break only
 40
DA 14.42 16.19 10.92
all strand failed at once
Table 6.2 Tension Test Results Epoxy Failure
 
Estimated
Tensile
Capacity
(k)
Ultimate
Tensile
Capacity
(k)
Profile Bar
Area
%Error
                                        
                                                     
                                                     
         Epoxy Failure
 53
AB 13.43 12.63 6.31
epoxy failure
 50
CD 13.92 12.42 12.05
epoxy failure
 44
DA 11.64 4.63 151.45
epoxy failure
 44
BC 8.75 8.78 0.33
epoxy failure, 1 break
 55
AB 14.75 8.17 80.54
epoxy failure, 2 breaks
 53
CD 14.58 12.50 16.60
epoxy failure, 4 breaks
 46
DA 14.85 9.45 57.15
epoxy failure, ult @ 2nd  
            break
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Table 6.3 Tension Test Results Ultimate Capacity After Initial Failure
 
Estimated
Tensile
Capacity
(k)
Ultimate
Tensile
Capacity
(k)
Profile Bar
Area
%Error
Ultimate Capacity After
Initial W ire Failure
 57 DA 14.61 8.91 63.96 ult @ 2nd break
 47 AB 14.78 10.97 34.74 ult @ 3rd break
 52 DA 12.94 9.44 37.04 ult @ 3rd break
 52 BC 14.60 9.92 47.19 ult @ 3rd break
 41 AB 14.65 9.33 57.07 ult @ 3rd break
 49 BC 12.61 5.75 119.29 ult @ 4th break
 56 BC 13.12 11.87 10.50 ult @ second break
 42 CD 14.32 12.45 15.04 ult @ second break
 44 CD 13.15 10.90 20.64 ult @ second break
 51 AB 14.04 11.35 23.71 ult @ second break
 59 AB 14.13 11.01 28.37 ult @ second break
 48 CD 14.84 10.31 43.98 ult @ second break
 47 BC 14.79 10.17 45.42 ult @ second break
 55 BC 14.54 10.00 45.43 ult @ second break
 41 CD 14.13 9.44
 
49.72 ult @ second break
 49 DA 12.86 8.51 51.13 ult @ second break
 58 BC 14.53 9.56 52.00 ult @ second break
 54 BC 13.82 8.66 59.64 ult @ second break
 45 CD 7.19 1.22 489.26 ult @ third break
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Table 6.4 Tension Test Results Typical Failure
 
Estimated
Tensile
Capacity
(k)
Ultimate
Tensile
Capacity
(k)
Profile Bar
Area
%Error
                                        
                                                     
                                             
Typical Failure
 43
CD 13.41 14.72 8.88
typical
 59
BC 13.43 14.36 6.48
typical
 41
DA 13.97 14.61 4.40
typical
 39
AB 14.18 14.79 4.10
typical
 51
BC 14.02 14.49 3.24
typical
 43
BC 14.20 14.52 2.20
typical
 49
CD 14.47 14.78 2.07
typical
 50
DA 13.98 14.00 0.15
typical
 58
DA 14.04 14.02 0.11
typical
 40
AB 14.31 14.14 1.21
typical
 53
DA 13.60 13.44 1.22
typical
 38
AB 14.91 14.67 1.62
typical
 50
BC 14.09 13.82 1.95
typical
 56
DA 13.61 13.31 2.25
typical
 46
BC 14.86 14.51 2.42
typical
 40
BC 15.05 14.41 4.45
typical
 39
DA 13.90 13.30 4.55
typical
 50
AB 14.27 13.61 4.87
typical
 42
DA 13.74 13.03 5.48
typical
 56
CD 14.53 13.71 5.98
typical
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Table 6.4 (Continued) 
 
Estimated
Tensile
Capacity
(k)
Ultimate
Tensile
Capacity
(k)
Profile Bar
Area
%Error
                                        
                                                     
                                          
Typical Failure
 40
CD 14.36 13.52 6.21
typical
 54
DA 14.04 13.21 6.26
typical
 58
CD 14.75 13.84 6.58
typical
 57
CD 14.04 13.13 6.91
typical
 55  
CD 14.88 13.88 7.24
typical
 38
DA 13.80 12.85
 
7.40
typical
 52
CD 14.05 12.79 9.87
typical
 45
DA 13.26 11.97 10.76
typical
 56
AB 14.34 12.90 11.20
typical
 55
DA 14.92 13.34 11.85
typical
 57
BC 13.92 12.41 12.18
typical
 45
AB 14.78 12.98 13.85
typical
 59
DA 13.92 11.90 17.01
typical
 53
BC 13.87 11.79 17.67
typical
 41
BC 14.55 12.32 18.07
typical
 48
DA
 
14.85 12.49 18.92
typical
  46
AB 14 .61 11.52 26.85
typical
 57
AB 14.56 11.31 28.71
typical
 54
AB 14.42 9.94 45.08
typical
 54
CD 14.05 9.31 50.95
typical
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Table 6.4 (Continued) 
Estimated
Tensile
Capacity
(k)
Ultimate
Tensile
Capacity
(k)
Profile Bar
Area
%Error
                                        
                                                     
                                          
Typical Failure
 49
AB 14.15 13.60 4.04
        typical, 2 strands     
       failed @ ult
 59
CD 13.32 14.50 8.13
typical 4 breaks
 51
CD 14.29 14.64 2.37
typical 4 breaks
 39
BC 14.37 14.62 1.71
typical 4 breaks
 42
BC 14.68 14.76 0.54
typical 4 breaks
 47
DA 14.76 14.68 0.56
typical 4 breaks
 47
CD 14.22 14.13 0.60
typical 4 breaks
 52
AB 14.86 13.89 7.01
typical 4 breaks
 45
BC 12.96 10.04 29.09
typical 4 breaks
 46
CD 11.53 7.62 51.25
typical 4 breaks
 51
DA 14.64 14.09 3.88
typical 5 breaks
 58
AB 15.09 13.90 8.54
typical 5 breaks
 44
AB 14.27 12.88 10.81
typical 5 breaks
 43
AB 14.72 12.93 13.83
typical 5 breaks
 48
BC 11.94 9.05 31.95
typical 5 breaks
 38
CD 13.87 10.48 32.38
typical 5 breaks
 48
AB 14.45 8.71 65.85
typical 5 breaks
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Table 6.5 Tension Test Results Undamaged Controls
Min Bar
Area (in2)
Estimated
Capacity
(K)
Ultimate
Capacity
(k)
 
% Error
Undamaged Controls 
 S1
0.0597 16.1 15.39 4.66
clean bar, typical
 S2
0.0597 16.1 15.45 4.25
clean bar, typical
 S3
0.0597 16.1 14.42 11.70
clean bar, typical
 S4
0.0597 16.1 15.16 6.25
clean bar, typical
 S5
0.0597 16.1 13.94 15.54
clean bar, typical
 S6
0.0597 16.1 15.53 3.71
clean bar, typical
Table 6.6 Tension Test Results Modified Controls
 
Min Bar
Area (in2)
Estimated
Capacity
(K)
Ultimate
Capacity
(k)
 
% Error
Modified Controls
 C1
0.0450 12.2 11.13 9.16
2 strands sanded, ult @ 3rd
break
 C2
0.0511 13.8 13.30 3.80
1 strand cut, typical
 C3
0.0511 13.8 11.91 15.92
1 strand cut, typical
 C4
0.0426 11.5 10.85 6.04
2 strands cut, typical
 C5
0.0426 11.5 11.33 1.54
2 strands cut, typical
 C6
0.0426 11.5 10.88 5.74
all exterior strands sanded,
typical
 C7
0.0426 11.5 10.66 7.93
all exterior strands sanded,
typical
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Figure 6.1 Typical Strand Failure
Figure 6.2 All Strands Failed at Once 
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Figure 6.3 Ultimate Capacity at Second Wire Failure
Figure 6.4 Ultimate Capacity at Third Wire Failure
75
Figure 6.5 Tension Test Setup
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Figure 6.6 Tension Test After Strand Failure
77
Figure 6.7 Tension Test Station
78
Figure 6.8 Tension Test Control Panels
79
Figure 6.9 Tension Test Interface
80
Figure 6.10 Prestress Anchors
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Chapter 7 Summary and Conclusions
7.1 Gravimetric Loss and Actual Loss
Gravimetric loss assumes distributed damage and is an inaccurate estimate of steel
loss, pitting damage causes actual steel loss to be localized not distributed, see Figure 7.1
for a comparison of gravimetric and actual local steel loss. Figure 7.1 shows that the
actual local loss is approximately four times greater than the gravimetric estimations of
loss. Actual local steel loss estimations of capacity are  more accurate than gravimetric
estimates of steel capacity. When calculating capacity of corroded steel using estimated
gravimetric loss, additional considerations should made for local pitting steel loss.
Figure 7.2 illustrates the error in predicting ultimate capacity. As the ultimate
capacity reduces the error in estimating capacity increases. The data is separated into the
different failure modes to show the error associated with each failure mode. All failure
modes fall into an exponential relationship and shows a strong correlation.  
7.2 Pitting Corrosion 
Corrosion pitting damage affects the estimated capacity accuracy, strands with
larger amounts of steel loss displayed greater error which may be due to stress
concentration. Increased error in estimating capacity at greater steel loss can be observed
from Figure 7.3, the error increases exponentially with reduced ultimate capacity and
shows a strong trend that may be due to stress concentration.   
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Strands that reached ultimate capacity after the first wire failure experience a
reduced cross section prior to ultimate capacity. Expected area for ultimate capacity is
lost causing a reduction in possible capacity, this is an additional affect of corrosion
damage that reduces expected capacity and specifically affects multiple wire strand,
additional consideration should be given to multiple wire strands when estimating the
effects of corrosion damage on ultimate capacity.
7.3 Ultimate Capacity
The relationship between the ultimate capacity of corroded strands and the
minimum bar area is graphed in Figure 7.4 and shows a nonlinear trend. The straight line
in Figure 7.4 shows the expected capacity if the capacity is linearly related to the bar area
and shows that the actual capacity follows a different trend. The pink curved line in
Figure 7.4 is an inverse tangent function and the best fit trend line for the data. Figure 7.5
shows the correlation of the data graphed in Figure 7.4 with the inverse tangent function
by graphing X/Y vs Y of the data from Figure 7.4, which creates a straight line if the data
has an inverse tangent relationship. The ultimate capacity and the minimum bar area have
a strong inverse tangent correlation according to Figure 7.5 and this trend is visible on
Figure 7.4 between the data points and the inverse tangent line. A more accurate trend
line can be developed with additional data points at lower capacities.      
7.4 Stress Concentration
The nonlinear trend of the capacity may be due to stress concentrations caused by
pits and sharp transitions in cross sectional area. Typical stress concentration factors
range from one to three and depend on the change in cross sectional area and the
83
transition between the change in areas. Stress concentration factors can be calculated
from experimental data through the relationship of expected capacity to actual capacity. 
A stress concentration factor has been calculated for each strand and graphed
against ultimate capacity in Figure 7.6 and a direct correlation can be seen in the data.
The stress concentration factors have the same range as typical stress concentration
factors and follow a similar trend. The correlation between the stress concentration factor
and the ultimate capacity is related to estimated capacity, since the correlation is related
to estimated capacity it is also related to the profile percent error and is another
representation of the trend between profile percent error and ultimate capacity. 
The data recorded in the imaging process was correlated to the stress
concentration factors for comparison. Strand 44da had large pits with a high frequency of
pits and has a stress concentration factor of 2.5. Strand 49bc had large pits with a medium 
frequency of pits and has a stress concentration factor of 2.2. Strand 55bc had medium
pits with a low frequency of pits and has a stress concentration factor of 1.5. Strand 54da
had small pits with a low frequency of pits and has a stress concentration factor of 1.1.
There is a strong correlation of data that shows that stress concentrations have an affect
on the ultimate tensile capacity of steel and that the stress concentration factor increases
exponentially as the amount of damage increases.  
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7.5 Summary of Results
Gravimetric estimations of capacity overstate the strength of strands and need to
be modified for more accurate capacity predictions. The actual loss is approximately four
times the gravimetric loss, and stress concentrations range from one to three making the
actual capacity four to twelve times less than the gravimetric capacity. Extensive
corrosion will exhibit a greater loss in capacity and a larger reduction should be used for
extensive damage than used for early stages of corrosion, this makes the capacity of steel
exponentially reduced for extensive corrosion. Table 7.1-7.4 summarizes the results of
the testing, gravimetric capacity is calculated using distributed damage, estimated
capacity is calculated using the minimum bar area obtained from the profiler, and the
ultimate capacity is the ultimate load from the tensile testing. 
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Table 7.1 Summary of Results CFRP
Gravimetric
Capacity 
(K)
Estimated
Capacity
(k)
Ultimate
Capacity
(k)
Stress
Concentration
Factor
 43  
AB
 
15.6 14.7 12.9
   
1.14
       
 BC 15.7 14.2 14.5
   
0.98
       
 CD 15.6 13.4 14.7
   
0.91
       
 DA 15.7 13.6 15.7
   
0.87
 59  
AB 15.6 14.1 11.0
   
1.28
       
 BC 15.6 13.4 14.4
   
0.94
       
 CD 15.6 13.3 14.5
   
0.92
       
 DA 15.6 13.9 11.9
   
1.17
 42  
AB 15.7 14.4 16.1
   
0.90
       
 BC 15.6 14.7 14.8
   
1.00
       
 CD 15.6 14.3 12.5
   
1.15
       
 DA 15.6 13.8 13.0
   
1.06
 58  
AB 15.7 15.1 13.9
   
1.09
       
 BC 15.5 14.5 9.6
   
1.52
       
 CD 15.6 14.8 13.8
   
1.07
       
 DA 15.6 14.0 14.0
   
1.00
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Table 7.1 (Continued)
 
Gravimetric
Capacity 
(K)
Estimated
Capacity
(k)
Ultimate
Capacity
(k)
Stress
Concentration
Factor
 57  
AB 15.6 14.6 11.3
   
1.29
       
BC 15.6 13.9 12.4
   
1.12
       
CD 15.6 14.0 13.1
   
1.07
       
DA 15.5 14.6 8.9
   
1.64
 56  
AB 15.6 14.4 12.9
   
1.11
       
BC 15.6 13.1 11.9
   
1.11
       
CD 15.6 14.5 13.7
   
1.06
       
DA 15.6 13.6 13.3
   
1.02
 55   
AB 15.6 14.8 8.2
   
1.81
       
BC 15.6 14.5 10.0
   
1.45
       
CD 15.7 14.9 13.9
   
1.07
       
DA 15.7 14.9 13.3
   
1.12
 54    
AB 15.6 14.4 9.9
   
1.45
       
 BC 15.6 13.8 8.7
   
1.60
       
CD 15.6 14.1 9.3
   
1.51
       
DA 15.6 14.0 13.2
   
1.06
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Table 7.2 Summary of Results GFRP
 
Gravimetric
Capacity 
(K)
Estimated
Capacity
(k)
Ultimate
Capacity
(k)
Stress
Concentration
Factor
 41  
AB 15.7 14.7 9.3
   
1.57
       
BC 15.7 14.5 12.3
   
1.18
       
CD 15.6 14.1 9.4
   
1.50
       
DA 15.7 14.0 14.6
   
0.96
 53    
AB 15.6 13.4 12.6
   
1.06
       
BC 15.0 13.9 11.8
   
1.18
       
CD 15.6 14.6 12.5
   
1.17
       
DA 15.6 13.6 13.4
   
1.01
 40   
AB 15.7 14.3 14.1
   
1.01
       
BC 15.6 15.1 14.4
   
1.05
       
CD 15.6 14.4 13.5
   
1.06
       
DA 15.7 14.4 16.2
   
0.89
 52  
AB 15.6 14.9 13.9
   
1.07
       
 BC 15.6 14.6 9.9
   
1.47
       
CD 15.6
 
14.1
 
12.8
   
1.10
       
DA 15.6 12.9
 
9.4
   
1.37
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Table 7.2 (Continued)
 
Gravimetric
Capacity 
(K)
Estimated
Capacity
(k)
Ultimate
Capacity
(k)
Stress
Concentration
Factor
 51  
AB 15.6 14.0 11.4
   
1.24
       
BC 15.6 14.0 14.5
   
0.97
       
CD 15.6 14.3 14.6
   
0.98
       
DA 15.6 14.6 14.1
   
1.04
 50  
AB 15.6 14.3 13.6
   
1.05
       
BC 15.6 14.1 13.8
   
1.02
       
CD 15.6 13.9 12.4
   
1.12
       
DA 15.6 14.0 14.0
   
1.00
 47   
AB 15.7 14.8 11.0
   
1.35
       
BC 15.6 14.8 10.2
   
1.46
       
CD 15.6 14.2 14.1
   
1.01
       
DA 15.7 14.8 14.7
   
1.01
 48   
AB 15.6 14.5 8.7
   
1.66
       
 BC
 
15.6 11.9 9.1
   
1.32
       
CD 15.6 14.9
 
10.3
   
1.44
       
DA 15.6 14.8 12.5
   
1.19
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Table 7.3 Summary of Results Outdoor Controls
 
Gravimetric
Capacity 
(K)
Estimated
Capacity
(k)
Ultimate
Capacity
(k)
Stress
Concentration
Factor
 38  
AB 15.7 14.9 14.7
   
1.02
       
 BC
 
test break test 
 
break
       
CD 15.5 13.9 10.5
   
1.32
       
DA 15.7 13.8 12.9
   
1.07
 44   
AB 15.6 14.3 12.9
   
1.11
       
BC 15.1 8.7 8.8
   
1.00
       
CD 15.4 13.2 10.9
   
1.21
       
DA 15.2 11.7 4.6
   
2.52
 45    
AB 15.8 14.8 13.0
   
1.14
       
BC 15.6 13.0 10.0
   
1.29
       
CD 15.0 7.2 1.2
   
5.87
       
DA 15.1 13.2 12.0
   
1.11
 46  
AB 15.6 14.6 11.5
   
1.27
       
 BC 15.6 14.9 14.5
   
1.02
       
CD 15.3 11.5 7.6
   
1.51
       
DA 15.7 14.9 9.5
   
1.57
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Table 7.4 Summary of Results Indoor Controls
 
Gravimetric
Capacity 
(K)
Estimated
Capacity
(k)
Ultimate
Capacity
(k)
Stress
Concentration
Factor
 39  
AB 15.7 14.2 14.8
   
0.96
     
BC 15.6 14.4 14.6
   
0.98
     
CD 14.9 10.8 data 
   
error
     
DA 15.7 13.9 13.3
   
1.05
 49   
AB 15.6 14.2 13.6
   
1.04
     
BC 15.3 12.6 5.8
   
2.19
     
CD 15.6 14.5 14.8
   
0.98
     
DA 15.3 12.9 8.5
   
1.51
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Figure 7.1 Actual vs Gravimetric Loss
92
Figure 7.2 Error Predicting Ultimate Capacity w/o 45cd
93
Figure 7.3 Profile Error vs Ultimate Capacity
94
Figure 7.4 Bar Area vs Capacity
95
Figure 7.5 Inverse Tangent Relationship
96
Figure 7.6 Stress Concentration vs Capacity
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Appendix A Critical Corrosion Images and Observed Damage 
Figure A.1 Critical Corrosion Image 38cd
            
            Figure A.2 Critical Corrosion Image 39da
100
Appendix A (Continued) 
Figure A.3 Critical Corrosion Image 40cd
Figure A.4 Critical Corrosion Image 42bc
101
Appendix A (Continued)
Figure A.5 Critical Corrosion Image 43ab
Figure A.6 Critical Corrosion Image 43bc
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Appendix A (Continued)
Figure  A.7 Critical Corrosion Image 45bc
 
Figure A.8 Critical Corrosion Image 47ab
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Appendix A (Continued)
Figure A.9 Critical Corrosion Image 48bc
Figure A.10 Critical Corrosion Image 48cd
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Appendix A (Continued)
Figure A.11 Critical Corrosion Image 49da
Figure A.12 Critical Corrosion Image 50ab
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Appendix A (Continued)
Figure A.13 Critical Corrosion Image 50da
Figure A.14 Critical Corrosion Image 52ab
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Appendix A (Continued)
Figure A.15 Critical Corrosion Image 52bc
Figure A.16 Critical Corrosion Image 52da
107
Appendix A (Continued)
Figure A.17 Critical Corrosion Image 53ab
 
Figure A.18 Critical Corrosion Image 54ab.1
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Appendix A (Continued)
Figure A.19 Critical Corrosion Image 54ab.2
Figure A.20 Critical Corrosion Image 54bc
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Appendix A (Continued)
Figure A.21 Critical Corrosion Image 54cd
Figure A.22 Critical Corrosion Image 54da
110
Appendix A (Continued)
Figure A.23 Critical Corrosion Image 55ab
Figure A.24 Critical Corrosion Image 57ab
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Appendix A (Continued)
Figure A.25 Critical Corrosion Image 57da
Figure A.26 Critical Corrosion Image 58bc 
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Appendix A (Continued)
Table A.1 Description of Damage CFRP 
CFRP  Bar Description
43  AB scaling, middle stage corrosion
 BC scaling, middle stage corrosion
 CD light corrosion distributed
 DA light corrosion distributed
59  AB single large pit
 BC light corrosion distributed
 CD light corrosion distributed
 DA light corrosion distributed
42 AB light corrosion distributed
 BC light corrosion distributed
 CD single large pit
 DA light scaling, early corrosion
58 AB light scaling, early corrosion
 BC heavy corrosion with multiple large pits
 CD light scaling, middle stage corrosion, distributed 
 DA scaling, middle stage corrosion
CFRP  Bar Description
57  AB light scaling, concentrated corrosion
 BC light scaling, early corrosion
 CD light scaling, early corrosion
 DA light scaling, concentrated corrosion
56 AB light scaling, early corrosion
 BC light scaling, early corrosion
 CD light scaling, early corrosion
 DA light scaling, early corrosion
55  AB concentrated corrosion, large pit
 BC medium corrosion, medium scaling, concentrated
 CD distributed corrosion, early stage
 DA early corrosion, lite damage
54 AB scaling, concentrated pits, middle stage
 BC scaling, middle stage corrosion
 CD scaling, middle stage corrosion
 DA early stage
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Appendix A (Continued)
Table A.2 Description of Damage GFRP 
GFRP  Bar Description
41  AB concentrated damage with scaling, medium stage
 BC early distributed corrosion
 CD concentrated damage, scaling with pits
 DA early stage, distributed corrosion
53 AB distributed corrosion, medium scaling
 BC distributed corrosion, light scaling
 CD early stage, light scaling
 DA early stage, distributed corrosion
40 AB early stage
 BC lightly distributed corrosion
 CD concentrated damage
 DA early corrosion
52  AB early corrosion, concentrated at middle
 BC light scaling, early corrosion, concentrated pit
 CD medium scaling turning to pits
 DA light corrosion, concentrated at pits
GFRP  Bar Description
51 AB distributed corrosion, early stage
 BC distributed corrosion, early stage
 CD early stage, distributed corrosion
 DA distributed corrosion, early stage
50 AB distributed corrosion, medium scaling
 BC distributed corrosion, light scaling
 CD distributed corrosion, medium scaling
 DA distributed corrosion, medium scaling
47 AB concentrated damage
 BC medium corrosion, medium scaling
 CD early scaling
 DA early stage distributed corrosion
48 AB early distributed corrosion
 BC concentrated large pits, heavy corrosion
 CD early corrosion, concentrated damage
 DA early concentrated damage
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Appendix A (Continued)
Table A.3 Description of Damage Outdoor Controls 
Outdoor Control Bar Description
 38AB distributed corrosion
BC heavy scaling, critically damaged
CD heavy scaling, distributed corrosion
DA distributed corrosion
 44AB distributed early corrosion
BC heavy scaling, large pits
CD distributed corrosion, medium scaling
DA heavy scaling, large pits
 45AB early stage, distributed corrosion
BC concentrated damage, heavy scaling
CD heavy scaling, critically damaged
DA distributed corrosion
 46AB distributed corrosion, light scaling
BC distributed damage
CD distributed, heavy scaling
DA distributed corrosion, light scaling
Table A.4 Description of Damage Indoor Controls 
Indoor Control Bar Description
 39AB early stage
BC early stage, light scaling
CD heavy scaling, large pits, critically damaged
DA early stage, light scaling
 49AB early distributed corrosion, light scaling
BC late corrosion, haevy scaling, large pits
CD distributed corrosion, early stage
DA heavy scaling, distributed damage
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Appendix A (Continued)
Table A.5 Observed Damage Scale
Surface Corrosion
Light to none  0-30%
Medium to light  30-60%
Heavy to medium  >60%
Pitting Damage
Small pits   < 1/8"
Medium pits  1/4"-1/8"
Large pits  >1/4"
Pitting Frequency
Light to none   0 to 5
Medium to light   6 to 15
Heavy to medium  >15
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Appendix A (Continued)
Table A.6 Observed Corrosion Damage CFRP  
CFRP Surface Corrosion Pitting Damage Pitting Frequency
43  AB light medium light
 BC light medium light
 CD medium small light
 DA light small light
59  AB medium large light
 BC medium small light
 CD medium small light
 DA medium medium light
42  AB light small light
 BC medium small light
 CD light large light
 DA light medium light
58  AB light medium light
 BC heavy large heavy
 CD heavy small medium
 DA medium small heavy
 CFRP Surface Corrosion Pitting Damage Pitting Frequency
57  AB light large light
 BC medium small light
 CD light small light
 DA light large light
56  AB light medium light
 BC light small light
 CD light medium light
 DA light small light
55  AB light large light
 BC medium medium light
 CD medium small light
 DA light medium light
54  AB medium large light
 BC medium large light
 CD medium large medium
 DA light small light
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Appendix A (Continued)
Table A.7 Observed Corrosion Damage GFRP 
GFRP Surface Corrosion Pitting Damage Pitting Frequency
41  AB light large medium
 BC medium small light
 CD medium large medium
 DA light small light
53  AB medium large light
 BC medium medium light
 CD light small light
 DA medium small light
40  AB light small light
 BC light medium light
 CD medium large light
 DA light small light
52  AB light medium light
 BC light large light
 CD light medium medium
 DA light medium heavy
GFRP Surface Corrosion Pitting Damage Pitting Frequency
51  AB medium medium medium
 BC medium medium medium
 CD medium small light
 DA medium medium light
50  AB light medium light
 BC medium medium light
 CD medium medium light
 DA medium medium light
47  AB light large light
 BC light medium light
 CD medium small light
 DA light small light
48  AB medium medium light
 BC medium large medium
 CD light large light
 DA light medium light
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Appendix A (Continued)
Table A.8 Observed Corrosion Damage Outdoor Controls
Outdoor Control Surface Corrosion Pitting Damage Pitting Frequency
 38 AB light small light
BC medium large heavy
CD medium large medium
DA light small light
 44 AB light small light
BC medium large heavy
CD medium large medium
DA medium large heavy
 45 AB light small light
BC light large light
CD medium large medium
DA light small light
 46 AB medium medium light
BC medium small light
CD medium large heavy
DA light medium light
Table A.9 Observed Corrosion Damage Indoor Controls 
Indoor Control Surface Corrosion Pitting Damage Pitting Frequency
 39 AB light medium light
BC light small light
CD medium large heavy
DA light medium light
 49 AB medium small medium
BC medium large medium
CD medium small light
DA light large medium
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Appendix B Profiled Strand Results
Figure B.1 Profile of 38ab
Figure B.2 Profile of 38cd
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Appendix B (Continued)
Figure B.3 Profile of 38da
Figure B.4 Profile of 39bc
121
Appendix B (Continued)
Figure B.5 Profile of 39cd
Figure B.6 Profile of 39da
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Appendix B (Continued)
Figure B.7 Profile of 40ab
Figure B.8 Profile of 40bc
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Appendix B (Continued)
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